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Abstract

Tumor metastases are extremely rare in striated mus-
cles. Lately, we have found that muscle cell conditioned
medium (MCM) inhibits the proliferation of various
tumor cells while maintaining the growth of normal
murine bone marrow cells. This dual activity was
confirmed in vivo when the MCM was administered
orally, i.e., it inhibited the development of tumor growth
in mice and prevented the myelotoxic effects of
chemotherapy. Adenosine was found to be one of the
active components of MCM, inhibiting tumor cell growth
while maintaining bone marrow cell proliferation in
vitro. Adenosine is known to act as an important
regulatory molecule through its binding to specific G-
protein—associated A1, A,,, A,, and A3 cell surface
receptors. In distinction from MCM, adenosine did not
suppress tumor development in mice and was not active
as a chemoprotective agent when administered orally or
intravenously. Thus, the in vivo activity of MCM could
not be attributed to adenosine. In this study, MCM from
which adenosine was enzymatically removed still re-
tained its dual activity that was also found to be
mediated through the A3 adenosine receptor (A3AR).
This result led to the conclusion that natural agonists to
A3AR were responsible for the activity of MCM. We
further tested synthetic agonist to the A3AR and
demonstrated that it possessed the same in vitro and
in vivo activity profile as MCM. Taken together, muscle
cells, in addition to adenosine, secrete natural agonists
to A3AR. These agonists are stable nondegradable
molecules and may contribute to the systemic anti-
cancer and chemoprotective activity exerted by MCM.
This group of molecules may account for the rarity of
tumor metastases in muscle. Neoplasia (2001) 3, 125—
131.
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Introduction

The resistance of muscle tissue to the development of tumor
metastases is a well-recognized clinical phenomenon [1-3].
Several mediators released by muscle cells may account for
the rarity of tumor metastases in this tissue, including
cytokines with anticancer activity such as TNFa, TGFg3,

lymphocyte infiltrating factor, interferon ~, lactic acid, and
proteolytic enzymes such as plasminogen activator inhibitor
[4—10]. Moreover, muscle sarcolemma serves as a physical
barrier against tumor cell invasion [11,12].

In our previous studies, we demonstrated that small
molecules (<800 Da) present in muscle cell conditioned
medium (MCM") exerted an inhibitory effect on the growth of
various tumor cell lines and simultaneously stimulate the
proliferation of normal bone marrow cells [13]. MCM was
found to be water soluble, heat stable and resistant to the
activity of proteolytic enzymes. When administered orally to
mice, it inhibited the development of melanoma and sarcoma
lung metastases, while protecting against the myelotoxic
effects of chemotherapy [14].

We have recently found that one of the active components
of MCM is adenosine that exerts a differential effect on tumor
and normal cell growth in vitro[15]. Adenosine, an ubiquitous
nucleoside, is released into the extracellular environment
from metabolically active or stressed cells. It is known to act
as an important regulatory molecule by binding to specific
G-protein—associated A1, A, Agp and A3 cell surface
receptors [16,17]. Our recent studies, using antagonists to
the adenosine receptors, revealed that adenosine exerted its
in vitro inhibitory effect as well as its stimulatory activity
through the activation of the A3 adenosine receptor (A3AR)
[18,19].

However, in contrast to MCM, adenosine did not suppress
tumor development or act as a chemoprotective agent when
administered orally to mice.

In this study, we defined additional molecules in MCM,
namely, agonists to the ASAR. These agonists inhibit tumor
cell growth and stimulate bone marrow cell proliferation.
Moreover, synthetic A3AR agonists, known as stable
bioavailable molecules, were shown to exert antitumor and
chemoprotective effects in vivo.

Abbreviations: MCM, muscle cell conditioned medium; A3AR, A3 adenosine receptor; PBS,
phosphate - buffered saline; FBS, fetal bovine serum; ADA, adenosine deaminase.
Address all correspondence to: Pnina Fishman, Laboratory of Tumor and Clinical
Immunology, The Felsenstein Medical Research Institute, Rabin Medical Center, Petach
Tikva 49100, Israel. E-mail: pfishman @ post.tau.ac.il

Received 14 November 2000; Accepted 15 December 2000.

Copyright © 2001 Nature Publishing Group All rights reserved 1522-8002/01/$17.00



M 126

A3 Adenosine Receptor Agonists as Anti Cancer Agents Bar-Yehuda et al.

Materials and Methods

Preparation of MCM

MCM was obtained from the L-8 cell line (consisting of
proliferating myoblasts) purchased from the American Type
Tissue Culture Collection, Rockville, MD (ATCC). The cells
were routinely maintained in DMEM containing 4.5 gr%
glucose and 15% fetal bovine serum (FBS) (Biological
Industries, Beit Haemek, Israel).

To prepare MCM, cultures were grown until confluence,
medium discarded, cells washed twice with phosphate-
buffered saline (PBS), and then incubated for an additional
20 hours in PBS. At the end of the incubation period, the
supernatant was collected, centrifuged and filtered through
a 0.22 y filter. Because our previous work [15] showed that
the inhibitory activity is detected in the molecular weight
fraction lower than 3 kDa, MCM was subjected to ultrafiltra-
tion through an Amicon membrane with a molecular cut- off
of 3 kDa.

Tumor and Normal Cells

The B16-F10 murine melanoma cell line was used in the
in vitro and in vivo experiments. Cells were maintained in
RPMI medium containing 10% FBS, penicillin and strepto-
mycin. They were transferred twice weekly to a freshly
prepared medium.

Bone marrow cells were obtained from the femur of
C57BL/6J mice. Cells were disaggregated by passing
through a 25G needle.

In addition, the HCT-116 human colon carcinoma tumor
cell line was used in the in vivo studies.

Cell Proliferation Assays

[®H]Thymidine incorporation assay was used to evaluate
cell growth. A total of 1.5x10%/ml B16-F10 melanoma or
3x10°/ml bone marrow cells were cultured in RPMI medium
containing 10% FBS in 96-well microtiter plates. These
cultures were incubated in the presence of MCM at a
concentration of 50%. Because MCM was prepared in PBS,
cultures containing tumor or bone marrow cells suspended in
50% PBS served as controls. During the last 18 hours of
incubation, each well was pulsed with 1 xCi [®H]thymidine.
The cells were harvested and the [*H Jthymidine uptake was
determined in an LKB liquid scintillation counter (LKB,
Piscataway, NJ).

Results are expressed as percentage of cell proliferation
inhibition or stimulation, calculated according to the following
equations:

% Inhibition = 100 _ A 190

A x100
5 - 100

% Stimulation =
where A=cell count of sample and B= cell count of control.
According to this calculation control values will be 0% of
inhibition or stimulation.

One activity unit was defined as the amount of MCM
exerting 50% proliferation inhibition of the B16-F10 mela-
noma cells.

Elimination of Adenosine from MCM by Treatment with
Adenosine Deaminase (ADA)

To eliminate adenosine from MCM preparations, adeno-
sine deaminase (ADA) (Sigma, St. Louis, MO) was added
for 1 hour. To remove the enzyme, the preparation was
ultrafiltrated through a 3000 dalton Amicon membrane. This
sample was designated as MCM+ADA and its effect on the
proliferation of tumor or bone marrow cells was examined as
described above.

Effect of ABAR Antagonist on the Activity of MCM+ADA

In this set of experiments, we examined whether the
effect of MCM+ADA on tumor or normal cells was mediated
through A3AR. A total of 1.5x10*/ml B16-F10 melanoma
or 3x10%°/ml bone marrow cells were cultured in RPMI
medium containing 10% FBS in 96-well microtiter plates.
These cultures were preincubated for 30 minutes in the
presence of 0.1, 0.05, and 0.001 M of the ASBAR antagonist
9-chloro-2-(2-furanyl)-5-[(phenylacetyl)amino] [1,2,4]-
triazolo[1,5-¢] quinazoline (MRS-1220) (RBI, MA). At
the end of this incubation period, MCM+ADA, at a final
concentration of 50%, was added to the cultures for an
additional 48 hours. Cells were preincubated with MRS-
1220 for 30 minutes and then 50% PBS +ADA added for 48
hours served as controls. During the last 18 hours of
incubation, each well was pulsed with 1 »Ci [3H]thymidine.
[®H]Thymidine uptake was determined as described above.

Effect of Synthetic ASAR Agonist on the Proliferation of
Tumor and Bone Marrow Cells

A synthetic agonist to the A3AR, 1-deoxy-1-[6-[[(3-
iodophenyl)methylJamino]-9H -purine-9- yl]- N-methyl- 3-
D-ribofuranuronamide (IB-MECA) (Sigma) was used to
examine its effect on B16-F10 melanoma and murine bone
marrow cells. A stock solution was prepared by dissolving 5
mg IB-MECA in 1 ml DMSO. Further dilutions were
performed in RPMI for in vitro studies and PBS for in vivo
experiments. B16-F10 melanoma (1.5x10%*/ml) or bone
marrow cells (3x10%/ml) were cultured in RPMI medium
containing 10% FBS in 96-well microtiter plates. IB-MECA
at concentrations of 0.1, 0.01, and 0.001 M was added to
these cell cultures for 48 hours. [*H]Thymidine uptake was
determined as described above.

In Vivo Studies

Experiments were performed in accordance with the
guidelines established by the Institutional Animal Care and
Use Committee at the Rabin Medical Center, Petach Tikva,
Israel.

To examine the effect of the different preparations on
tumor cell growth, B16-F10 (2.5x10%) melanoma cells were
intravenously inoculated to C57BL/6J mice. Each group
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Figure 1. The effect of adenosine, MCM, and MCM+ADA on the develop-
ment of lung metastases in mice inoculated with B16-F10 melanoma cells.
The number of melanoma foci was inhibited (P <0.001) following treatment
with 4 activity units of MCM or MCM+ADA. All the preparations were
administered to mice through an oral route. Adenosine failed to inhibit tumor
growth.

contained 20 mice and experiments were repeated at least
four times. Mice were treated orally according to the following
protocol starting 1 day after tumor inoculation:

Adenosine — 268 ug/kg body weight.

MCM, 4AU twice daily.

MCM+ADA 4AU twice daily.

IB-MECA — 3 ng/kg body weight or 6 1.g/kg body
weight once daily.

Vehicle — twice daily.

rpoN =

o

An additional group of mice was treated intraperitoneally
with adenosine (268 pg/kg body weight) each day.

Mice were sacrificed after 15 days, lungs removed, and
black metastatic foci were counted using a dissecting
microscope.

In a different set of experiments, we tested the effect of
IB-MECA on the growth of HCT-116 human colon carci-
noma cells. Cells (1.2x10°) were subcutaneously injected to
the flank of nude/BalbC mice. Mice were treated orally on
alternate days with IB-MECA (6 ug/kg), starting 1 day
following tumor inoculation. Mice treated with vehicle only
served as controls. Tumor size (width [ W] and length [L])
was measured every 4 days and was calculated according to
the following formula:

(W)?xL

Tumor size = >

The myeloprotective effect of the various preparations
were examined by injecting mice intraperitoneally with 50
mg/kg body weight of cyclophosphamide. Each group
contained 10 mice and experiments were repeated at least
four times. Adenosine, MCM (4 activity units) or MCM +ADA
(4 activity units) were each orally administered 48 and 72
hours following the chemotherapy. After 120 hours blood
samples were withdrawn. Number of leukocytes and
percentage of neutrophils were evaluated.

Neoplasia e Vol. 3, No. 2, 2001

In another set of experiments, mice were injected with
cyclophosphamide as described above. IB-MECA (6 ng/kg
body weight) was orally administered 48 and 72 hours
following the chemotherapy. Blood samples were withdrawn
96, 120, 144, and 168 hours following chemotherapy and the
number of leukocytes and percentage of neutrophils
evaluated.

Statistical Analysis

The efficacy of the various agents in vitro and in vivo was
evaluated using the student’s t-test. The criterion for
statistical significance was P<0.05.

Results

Adenosine Is Not Responsible for the In Vivo Activity of
MCM

MCM or MCM+ADA were tested for their efficacy as
inhibitors of melanoma lung metastatic foci growth in mice.
All the preparations were administered to the mice through
an oral route. MCM and MCM+ADA induced an inhibitory
effect on tumor growth (42.7+5.8%, P<0.001; 49+3.7%,
P<0.001, respectively, Figure 1).
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Figure 2. The in vivo effect of adenosine, MCM, and MCM+ADA on the
number of WBC and percentage of neutrophils in mice treated with 50 mg/kg
body weight cyclophosphamide. Chemotherapy alone decreased the number
of WBC and percentage of neutrophils. MCM or MCM+ADA, administered
after chemotherapy, increased the number of WBC (a) and percentage of
neutrophils (b) to almost normal values.
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Administration of MCM or MCM+ADA to mice following
chemotherapy, prevented the myelotoxic effects of the
cytotoxic drug, i.e., induced an increase in the number of
leukocytes (Figure 2a) and percentage of neutrophils
(Figure 2b). Adenosine failed to inhibit tumor growth or act
as a chemoprotective agent when administered orally or
intraperitoneally.

Inhibition of Tumor Cell Growth and Stimulation of Bone
Marrow Cell Proliferation Is Mediated through the ASAR
The above results demonstrate that the active component
in MCM responsible for the dual activity in vivo, is not
adenosine. However, because the MCM+ADA preparation
still retained this same dual activity, we presumed that both
effects were mediated through the A3AR. To explore this
assumption, B16-F10 melanoma cells or murine bone
marrow cells were incubated with MCM+ADA in the
presence or absence of an antagonist to the A3AR. A
statistically significant inhibition of [3H]thymidine uptake
following incubation with the MCM or MCM+ADA was
observed. Because adenosine was removed from
MCM + ADA, this preparation induced a decreased inhibitory
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Figure 3. MCM and to a lesser extent MCM + ADA induced the inhibitory effect
on the growth of B16-F10 melanoma cells (a) or stimulatory effect on the
proliferation of murine bone marrow cells (b). Cell proliferation was measured
by [3H]thymidine incorporation assay. The introduction of MRS-1220,
canceled most of the inhibitory (a) or stimulatory (b) effect that was exerted
by MCM+ADA.
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Figure 4. IB-MECA, a synthetic ABAR agonist, at different concentrations,
inhibited the proliferation of B16 - F10 melanoma cells (a ) and stimulated bone
marrow cell proliferation (b ), measured by [ 3H Jthymidine incorporation assay.

effect. However, incubation of cells with MCM+ADA in the
presence of MRS-1220, canceled most of the inhibitory
effect (Figure 3a). Similarly, MCM and to a lesser extent
MCM+ADA, stimulated the proliferation of bone marrow
cells in vitro (83+9.2% and 48+7.1%, respectively). Most of
the stimulatory effect was lost following the incubation of

50

40

30

20

10 -

Number of metastatic foci

Control 3ug 6ug
IB-MECA Dosage (Lg/Kg body weight)

Figure 5. The effect of IB-MECA on the development of lung metastases in
mice inoculated with B16 - F10 melanoma cells. IB- MECA was administered
orally daily at a dosage of 3 or 6 ug/kg body weight. A dose - dependent
inhibition of lung metastatic foci is depicted.
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bone marrow cells with MCM+ADA, in the presence of
MRS-1220 (Figure 3b). MRS-1220, by itself, had no effect
on the proliferation of the B16-F10 or bone marrow cells. No
differences were observed between the various concentra-
tions of the antagonist. Figure 3a and b, using a concentra-
tion of 0.001 uM of MRS-1220, are representative of these
results.

These results demonstrated that the inhibitory and the
stimulatory activity of MCM were mediated through A3AR,
the active component being an agonist to this receptor.

IB-MECA (ABAR Agonist) Inhibits Tumor Cell Growth and
Stimulates Bone Marrow Cell Proliferation In Vitro

The above results, depicting the role of ASAR activation in
the inhibition of tumor cell growth and stimulation of bone
marrow cell proliferation, led us to test the effect of IB-MECA
on these activities. Indeed, IB-MECA exerted a dose-
dependent inhibitory effect on the proliferation of B16-F10
cells (Figure 4a) while stimulating bone marrow cell
proliferation (Figure 4b).

IB-MECA Inhibits Tumor Cell Growth In Vivo and Protects
against Myelotoxicity Following Chemotherapy

In this set of experiments, we evaluated IB-MECA’s
ability to inhibit the growth of lung metastases in mice
inoculated with B16-F10 melanoma cells and in nude mice
with HCT - 116 colon carcinoma tumors.

A dose-dependent, statistically significant inhibition
(P<0.001) of the number of melanoma lung foci was
observed (Figure 5). Tumor size in the nude mice was
markedly inhibited following treatment with IB-MECA
(Figure 6).

Mice treated with cyclophosphamide exhibited a decline in
the number of peripheral blood leukocytes and neutrophils.
Administration of IB-MECA following chemotherapy,
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Figure 6. The effect of IB-MECA on the growth of HCT-116 human colon
carcinoma cells in nude mice. Tumor cells (1.2x 10°) were subcutaneously
injected to the flank of nude mice. One group was treated every other day with
6 1g/kg IB-MECA and the other, treated with vehicle only, served as control.
Tumor size was measured every 4 days. Tumor size in the IB-MECA treated
mice was smaller than controls.
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Figure 7. The effect of IB- MECA on the myeloid system in mice treated with
50 mg/kg body weight cyclophosphamide. Chemotherapy alone decreased
the number of WBC and percentage of neutrophils. IB-MECA, administered
48 and 72 hours after chemotherapy, increased the number of total WBC (a)
and restored the percentage of neutrophils (b).

increased the number of white blood cells (Figure 7a) and
restored the percentage of neutrophils (Figure 7b).

Discussion

The results of the present study show that natural agonists to
the A3AR are present in MCM and may be responsible for its
anticancer and chemoprotective activity.

The resistance of muscle tissue to the development of
metastases has been previously investigated [20—22]. Our
studies demonstrated that the low-molecular-weight frac-
tion of MCM exhibited a unique characteristic of differentiat-
ing between tumor and normal cells. It inhibited tumor cell
growth and maintained bone marrow cell proliferation in vitro
[13]. Similar data was reproduced in vivo when MCM was
orally administered to mice with melanoma or sarcoma. It
suppressed tumor development and induced a prolongation
of survival time in the treated mice. Moreover, it acted as a
chemoprotective agent by preventing the myelotoxic effects
of cyclophosphamide [14].

At a later stage, we found that adenosine was one of the
active ingredients within MCM and, in vitro, it exhibited a dual
activity similar to that of MCM [15]. Adenosine is known to
act as a signal transduction regulatory molecule through its
interaction with specific cell surface receptors. The binding of
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adenosine or its agonist to A1 or A3 adenosine receptors
(associated with the Gi proteins) inhibits the activity of the
second messenger adenylyl cyclase and leads to a decrease
in the intracellular cAMP level [16,17]. cAMP is known to act
as a cell growth regulator and affect differentially the
proliferation of various cell types [23—-25].

The results of the present study show that adenosine was
not responsible for the in vivo efficacy of MCM. This was
concluded following an experiment in which adenosine failed
to exert anticancer or chemoprotective effects when given
orally or intraperitoneally. Moreover, when adenosine was
eliminated from MCM (this preparation was designated
MCM+ADA), the latter still retained its dual effect. In vivo,
MCM+ADA inhibited the development of melanoma lung
metastatic foci and acted as a chemoprotective agent,
similarly to the MCM. In vitro, MCM+ADA inhibited the
proliferation of melanoma cells while inducing the prolifera-
tion of bone marrow cells. These activities were blocked by
the MRS-1220 A3AR antagonist, indicating the role of this
receptor in mediating both activities. MRS-1220 is known to
possess a high affinity to ASAR [26] and it blocked the

inhibitory/stimulatory effect at all three concentrations used,
even at 0.001 pM. The data demonstrating that the dual
activity of MCM+ADA, in vitro, was mediated through the
A3AR, led us to conclude that the active component in MCM
is a natural agonist to A3AR. In previous studies we showed
that the A2 and A1 adenosine receptors played a role in the
inhibitory/stimulatory activity of adenosine, respectively.
Activation of the A1 adenosine receptor by specific agonist
induced chemoprotective effects [18,19]. In the present
study, MRS -1220 blocked most of the inhibitory/stimulatory
activities, thus we presume that A1 or A2 adenosine receptor
agonists are not present in the MCM preparation.

These findings were further confirmed by demonstrating
that a synthetic agonist to the A3AR, namely, IB-MECA,
exerted a similar anticancer and chemoprotective effect in
mice when given orally. IB-MECA is resistant to degradation
by the enzyme adenosine deaminase, in contrast to
adenosine, which metabolizes rapidly in vivo to inosine
(Figure 8). IB-MECA contains modifications at two sites of
the adenosine structure, namely, substitution at the 2-
position of adenosine in combination with modifications at N®

0
I
C
ADA
>
Adenosine Inosine
1
NH
X
LI
i
CH;NH—C
| o.
OH OH
IB-MECA

Figure 8. Metabolization of adenosine to inosine occurred rapidly in vivo mainly by the enzyme adenosine deaminase. The A3AR agonist, IB-MECA, resists
degradation by adenosine deaminase, due to substitution, at the 2-position of adenosine, combined with modifications at N and 5’ - positions [26,27].
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and 5'-positions. This agonist exerted similar activity to that
of adenosine in vitro, with the advantage of being stable and
orally available [27,28]. Two types of in vivo models were
tested in the present study, i.e., a metastatic melanoma and
primary colon carcinoma. IB-MECA suppressed the devel-
opment of both tumor types, indicating that it affects tumor
growth rather than metastatic invasion.

In two previous studies [18,19], we showed that activation
of ASAR by nanomolar adenosine concentrations induced a
differential effect on tumor and normal cell growth. A
cytostatic effect of adenosine on the growth of Nb2-11C
lymphoma cells was shown by the inhibition of [ 3H Jthymidine
incorporation, a decrease in cell count, a cell cycle arrest in
the GO/G1 phase and a reduction of the telomeric signal in
these cells. At the same time, adenosine induced bone
marrow cell proliferation in vitro and its subcutaneous
administration to mice following chemotherapy and pre-
vented the myelotoxic effects of the cytotoxic drug, i.e.,
induced an increase in the number of leukocytes and
percentage of neutrophils. The mechanism involved was
the induction of granulocyte-colony stimulating factor (G-
CSF) production by adenosine, through the activation of
A3AR [18]. G-CSF, a myeloid growth factor, has become a
standard therapy for cancer patients with neutropenia. It
stimulates the proliferation and differentiation of myeloid
progenitors, leading to a reduction in the incidence of febrile
neutropenia and acceleration of neutrophil recovery after
chemotherapy. It may be suggested that in this study, the
inhibition of melanoma growth by IB-MECA and its
chemoprotective effects in vivo were mediated through
similar mechanisms, namely, cytostatic effects toward tumor
cells and induction of G-CSF production.

Cytoprotective effects toward cardiac myocytes or brain
cells have previously been attributed to A3AR agonists
[29,30]. These effects may be beneficial in overcoming the
adverse events of chemotherapy.

Thus, it may be concluded that the active component in
MCM is a natural agonist to the A3BAR. The high bioavail-
ability of agonists to ASAR and their efficacy in vivo when
given orally, suggest that this family of compounds may be
applied for use in cancer therapy.
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